Subunits of the NMDA receptor (NMDAR) associate with many postsynaptic proteins that substantially broaden its signaling capacity. Although much work has been focused on the signaling of NR2 subunits, little is known about the role of the NR1 subunit. We set out to elucidate the role of the C terminus of the NR1 subunit in NMDAR signaling. By introducing a C-terminal deletion mutant of the NR1 subunit into cultured neurons from NR1 Ϫ/Ϫ mice, we found that the C terminus was essential for NMDAR inactivation, downstream signaling, and gene expression, but not for global increases in intracellular Ca 2ϩ . Therefore, whereas NMDARs can increase Ca 2ϩ throughout the neuron, NMDAR-dependent signaling, both local and long range, requires coupling through the NR1 C terminus. Two major NR1 splice variants differ by the presence or absence of a C-terminal domain, C1, which is determined by alternative splicing of exon 21. Analysis of these two variants showed that removal of this domain significantly reduced the efficacy of NMDAR-induced gene expression without affecting receptor inactivation. Thus, the NR1 C terminus couples to multiple downstream signaling pathways that can be modulated selectively by RNA splicing.
Introduction
The NMDA receptor (NMDAR) is essential in learning and memory and is implicated in multiple neurological disorders (Petrie et al., 2000; Cull-Candy et al., 2001; Nakazawa et al., 2004) . These receptors interact with 185 or more proteins and form signaling complexes in the postsynaptic density (Grant, 2003) . These NMDAR complexes localize signaling molecules with Ca 2ϩ influx and may facilitate the activation of secondmessenger pathways that effect change in the channel (Lan et al., 2001) , the synapse (Lisman, 2001; Malinow and Malenka, 2002) , and the nucleus (Deisseroth et al., 1996; Hardingham et al., 2001) . They form because cytoplasmic tails of NMDAR subunits (NR1, NR2A-NR2D, and NR3A-NR3B) associate directly and specifically with signaling and structural molecules (Sheng and Kim, 2002) . In mice in which the C terminus of NR2A, NR2B, or NR2C subunits is truncated, NMDARs flux Ca 2ϩ in response to glutamate, but the mice exhibit a phenotype similar to mice that lack the subunit altogether (Sprengel et al., 1998) . Clearly, the C termini of NR2 subunits are important for downstream signaling of NMDARs. What about the NR1 subunit?
The NR1 subunit is required for the assembly of functional NMDARs and has the most highly regulated C terminus of all NMDAR subunits (Zukin and Bennett, 1995) . The C0 domain is common to all splice variants, whereas alternative splicing of exons 21 and 22 defines C1 and C2, respectively. Regulation of these domains affects the association of the subunit with signaling and structural molecules, including calmodulin (CaM) (Ehlers et al., 1996) , Ca 2ϩ /CaM-dependent protein kinase II␣ (CaMKII␣) (Leonard et al., 2002) , yotiao (Lin et al., 1998) , and neurofilament-L . Furthermore, expression of NR1 splice variants varies by developmental stage (Monyer et al., 1994; Sheng et al., 1994) and location and can be regulated by activity (Xie and Black, 2001; Mu et al., 2003) . Therefore, the composition of NMDAR signaling complexes may be dynamically regulated through the splicing of NR1.
The effects of splicing on downstream signaling pathways are poorly understood for several reasons. First, assembly of complexes and recruitment of signaling pathways require many molecules that may not be present in heterologous cells or oocytes, the systems commonly used for electrophysiological analysis (Dingledine et al., 1999) . Second, complete control over the subunit of interest is essential. Studies in which modified Ca 2ϩ channel subunits are overexpressed in wild-type neurons must be interpreted with caution because endogenous subunits may confound the results (Okabe et al., 1999; Dolmetsch et al., 2001; Weick et al., 2003) .
To overcome these problems and to study the role of the NR1 C terminus in coupling to downstream signaling pathways, we reconstituted NMDARs by introducing different NR1 subunits into cortical neurons from NR1 knock-out (NR1 Ϫ/Ϫ ) mice. We used neurons [5] [6] [7] [8] ] that contained predominantly NR2B subunits so that we could attribute any observed differences among reconstituted NMDARs to the different NR1 subunits we introduced. Our findings show that NR1 C-terminal domains are modular in coupling to downstream signaling pathways and that removal of the C1 domain by RNA splicing regulates NMDAR-induced gene expression without affecting receptor inactivation.
Materials and Methods
Plasmids and chemicals. Plasmids for CRE (pCRE Luc) and SRE (pSRE Luc) firefly luciferase were from Stratagene (La Jolla, CA). The EF1␣ Renilla luciferase plasmid was generated by removing Renilla from pRL-SV40 (Promega, Madison, WI) as a PstI-XbaI fragment and inserting it into the backbone of PstI-XbaI-digested pEF-myc-nuc (Invitrogen, Carlsbad, CA). The pRL0_Renilla plasmid was generated by removing the cytomegalovirus (CMV) enhancer/promoter from the pRL-CMV (Promega) as a BglII-PstI fragment, followed by Klenow treatment and religation. The different NR1 subunit constructs and the green fluorescent protein (GFP)-CaMKII␣ fusion construct have been described previously (Ehlers et al., 1996; Shen and Meyer, 1999) . pcDNA3-CaM 1234 (Peterson et al., 1999) was subcloned as an Xmn1-XbaI fragment into pGW1-CMV (Vernalis/British Biotechnology, Cambridge, UK) for higher expression in neurons. Phospho-cAMP response elementbinding protein (CREB), phospho-extracellular signal-regulated kinase (ERK), panCREB, and panERK primary antibodies were from Cell Signaling Technology (Beverly, MA). Cyanine 2 (Cy2)-and horseradish peroxidase (HRP)-labeled secondary antibodies were from Jackson ImmunoResearch (West Grove, PA). PanNR1 antibody (MAB363) was from Chemicon (Temecula, CA). Tetrodotoxin (TTX) was from Biomol (Plymouth Meeting, PA). Cyano-3,3-dihydro-7-nitroquinoxaline (CNQX), NMDA, ifenprodil, and 2-amino-5-phosphonovalerate (APV) were from Tocris Cookson (Ellisville, MO), and nimodipine, forskolin, and kynurenic acid were from Sigma (St. Louis, MO). Recombinant human BDNF was from Peprotech (Rocky Hill, NJ), and fura-2 AM was from Invitrogen. All cell-culture media and LipofectAMINE 2000 were from Invitrogen. Bovine calf serum was from Hyclone (Logan, UT), and normal goat serum was from Vector Laboratories (Burlingame, CA). Papain was from Worthington Biochemical (Lakewood, NJ).
NR1 genotyping, neuronal culture, and transfection. NR1 ϩ/Ϫ mice were maintained and genotyped as reported previously (Forrest et al., 1994) using the following primer pairs: the 5Ј primer was common to both alleles, 5Ј-CCAGCCTGCACACTTTAGGTCACATTG-3Ј; the 3Ј primer for the NR1 gene was 5Ј-CCAACGCCATACAGATGGCCCTGT-3Ј; and the 3Ј primer for the neomycin cassette was 5Ј-GTGCCAGCGGGGCTGCTAAAG-3Ј. Cortical neurons from embryonic days 18 -21 mouse embryos of NR1 ϩ/Ϫ parents were dissociated and cultured using a modified version of a published protocol (Xia et al., 1996) . Briefly, cortices from individual embryos were placed in ice-cold HEPES-buffered dissociation medium (DM) (pH 7.4, 81.8 mM Na 2 SO 4 , 30 mM K 2 SO 4 , 15.2 mM MgCl 2 , 0.25 mM CaCl 2 , 1.0 mM HEPES, 20 mM glucose, and 0.001% phenol red) supplemented with kynurenic acid (1 mM). Cortices were digested with papain (4 U/ml) in DM for 30 min and then incubated with trypsin inhibitor (20 mg/ml) in DM for an additional 30 min. Suspensions of isolated neurons were obtained by trituration in OptiMEM supplemented with glucose (20 mM) and plated to 0.42 ϫ 10 6 cells/cm 2 on poly-D-lysine-coated plastic culture dishes or to 0.9 ϫ 10 6 cells/cm 2 on 13 mm glass coverslips. Neurons were transferred to basal medium Eagle's-based neuronal growth medium 2 h after isolation.
To determine the genotypes of the neurons, we retained the brainstem from each embryo for PCR genotyping and did not pool neurons from different embryos. In addition, a small sample of neurons from each embryo was plated into one well of a 24-well plate; after 4 DIV, Ca 2ϩ imaging was performed, and the absence of an NMDA-induced Ca 2ϩ increase confirmed the NR1 Ϫ/Ϫ genotype. Approximately 25% of embryos were NR1 Ϫ/Ϫ , as expected. After 5-7 DIV, cortical neurons were transfected by one of two methods. For survival and luciferase assays, neurons were transfected by calcium phosphate precipitation as described previously (Finkbeiner et al., 1997) . For Ca 2ϩ imaging and immunocytochemistry, neurons were transfected using LipofectAMINE 2000 (Invitrogen). Experiments were performed 24 -48 h after transfection.
Single-cell Ca 2ϩ imaging. Cortical neurons were loaded for 45 min at 37°C in HEPES-buffered saline (in mM: pH 7.4, 119 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 25 HEPES, and 30 glucose) containing fura-2 AM (4 M) and pluronic acid (0.01% w/v). Coverslips of neurons were placed in a laminar flow chamber (Warner Instruments, Hamden, CT) and mounted on an inverted epifluorescence microscope (TE300; Nikon, Tokyo, Japan) equipped with a cooled CCD digital camera (Orca II; Hamamatsu, Shizouka, Japan). Neurons were perfused by gravity flow (15 ml/min), and precise switching was achieved using solenoid valves (Warner Instruments). MetaFluor software (Universal Imaging, Downingtown, PA) controlled an excitation filter wheel for alternate excitation at 340 and 380 nm, and emitted light was collected through a custom dichroic block for fura-2 (Chroma, Rockingham, VT). Appropriate bandpass filters [enhanced yellow fluorescent protein (EYFP)] or dichroic blocks [FITC for EGFP or rhodamine for monomeric ref fluorescent protein (mRFP)] were used to detect transfected neurons. Regions of interest for individual neurons were applied to pairs of 340/380 nm images, and ratios of average intensities were calculated with MetaFluor. For calculation of integrated Ca 2ϩ responses, data were imported into Microsoft (Seattle, WA) Excel. For each neuron, a least-squares fit was applied to eight points of the baseline and used to extrapolate a "predicted" baseline for the next eight points. The Ca 2ϩ response was calculated as the sum of trapezoids at each time interval between the predicted baseline and the ratio values. A peak Ca 2ϩ response was also determined as the highest ratio after the addition of agonist.
Measurement of CaMKII␣ puncta formation. Neurons were cotransfected with mRFP and GFP-CaMKII␣ (1:2 ratio). After 24 h, mRFP fluorescence was used to locate transfected neurons. Images of GFPCaMKII␣ were collected before and 2 min after the addition of glutamate (30 M). To ensure that the soma and all neurites of the selected neuron were in focus, sets of four to eight images were collected at different z-planes with a 20ϫ objective (14 bit images, 4 s exposure per image). Analysis of mRFP images captured 2 h after the above protocol revealed that neuronal morphology was not adversely affected by either UV or glutamate exposure. Image analysis was performed blind, and GFPCaMKII␣ puncta formation was quantified as follows: a series of contiguous regions of interest 0.5 ϫ 1.5 m was placed along a neurite in the mRFP image. These regions were then transferred to the prestimulus and poststimulus images, and the average intensity value for each region was calculated. Prestimulus and poststimulus images were selected from sets of images acquired at different z-positions such that the region of neurite was in focus in both cases. A "difference" value (poststimulus Ϫ prestimulus) was calculated for each region along the neurite, and SEM for all difference values was used as an index of GFP-CaMKII␣ puncta formation.
Electrophysiological recording. EYFP expression was used to detect transfected neurons with an upright epifluorescence microscope (Axioskop 2FS; Zeiss, Oberkochen, Germany). Whole-cell recordings were performed at room temperature (20 -23°C) as described previously (Wang et al., 2003) , with neurons voltage clamped at Ϫ60 mV using a Multiclamp 700A amplifier (Axon Instruments, Union City, CA) controlled by pClamp 9 software (Axon Instruments). Recording electrodes were filled with intracellular solution (pH 7.3, 285 mOsm, 115 mM K-gluconate, 20 mM KCl, 10 mM EGTA, 10 mM HEPES, 2 mM MgCl 2 , 4 mM Na 2 ATP, and 0.3 mM TrisGTP) and had a typical resistance of 2-4 M⍀ when measured in extracellular solution (pH 7.3, 310 mOsm, 135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 15 mM HEPES, 15 mM glucose, and 1 M TTX). A mani-fold system (tip length, 1 cm; tip inner diameter, 100 m; positioned ϳ150 m from the patched neuron; ALA Scientific Instruments, Westbury, NY) was used to deliver extracellular solution. Solenoid valves (Warner Instruments) allowed switching to a stimulation solution (100 M NMDA and 10 M glycine in extracellular solution), which was applied for 5 s every minute for at least 10 min. Whole-cell currents were low-pass filtered at 200 Hz and digitized at 1 kHz. Multiclamp 700A software was used to automatically measure and compensate for membrane capacitance. Series resistance was 60% compensated.
Immunocytochemistry and Western blotting. Neurons on glass coverslips were pretreated for 30 min with basal medium Eagle's containing antagonists to suppress spontaneous activity (40 M CNQX and 1 M TTX) and then stimulated with either NMDA (30 M) and glycine (10 M) or with KCl (55 mM) for 10 min. All solutions for immunostaining of phosphoCREB contained NaF (1 mM) and orthovanadate (2 mM). Neurons were fixed in 4% paraformaldehyde in PBS for 10 min and permeabilized in PBS with 0.1% Triton X-100 for 20 min. Neurons were then treated with PBS containing 1 M glycine and then with blocking solution (PBS containing 0.1% Triton X-100, 2% normal goat serum, and 3% bovine serum albumin) for 2 h. Neurons were incubated overnight at 4°C with anti-phosphoCREB (1:200) in blocking solution, and primary antibody was detected with Cy2-labeled secondary antibody (1:200). Nuclei were identified with Hoechst 33258 (2.5 g/ml, 5 min). Images were quantified blind as follows: regions around the nuclei (from Hoechst image) of transfected neurons (from mRFP image) were selected together with a non-neuronal background region. Using phase-contrast and Hoechst images, nuclear and background regions were also randomly selected for an equal number of nontransfected neurons. All regions were applied to the image of phosphoCREB staining (Cy2), average intensities for each region were recorded, and backgrounds were subtracted.
For Western blot analysis, neurons were stimulated as above and then lysed with 300 l of Laemmli's sample buffer (LSB) (2ϫ LSB, 10% ␤-mercaptoethanol) per well (4 ϫ 10 6 cells). Samples were boiled for 10 min, and then each sample was loaded on one of two sister 10% SDS-PAGE gels, one for blotting with the phospho-specific antibody and the other for blotting with the pan antibody. Protein was transferred to Immobilon-P membranes (Millipore, Billerica, MA), which were incubated for 1 h in blocking solution [Tris-buffered saline with Triton X-100 (TBST) containing 4% milk powder] and then incubated with primary antibody for phosphoCREB, phosphoERK, panCREB, or panERK in blocking solution overnight at 4°C. Immunoblots were washed thrice in TBST, incubated with HRP secondary antibody in blocking solution for 1 h at room temperature, and developed with HRP chemiluminescence (Amersham Biosciences, Piscataway, NJ).
Survival analysis. An automated microscope was used to follow cohorts of EGFP-positive neurons over many days in culture, providing a very sensitive measure of survival with minimal user bias (Arrasate et al., 2004; Arrasate and Finkbeiner, 2005) . For each embryo, cortical neurons were plated in 12 wells of a 24-well plate and transfected at 6 DIV with EGFP together with either empty vector (pRK5) or NR1-1a. After 48 h, the 12 wells were automatically scanned, and nine non-overlapping images were captured for each well (12 bit, 500 ms exposure, 4ϫ objective). At 24 h intervals for 6 d, a fiduciary mark on the 24-well plate was aligned to a reference image of the same mark captured at the first time point; this allowed precise capture of exactly the same nine fields of neurons per well at each time point. The number of neurons in each image was automatically counted as follows: groups of pixels were defined as objects with a threshold value that was calculated from the minimum pixel value and the variance of pixel values for each image. Morphometric analysis was then used to select and count objects that fell within the appropriate size for GFP-positive neurons (as determined with a learning paradigm). Having counted the number of EGFP-positive neurons at each time point, we calculated by subtraction the loss of neurons between time points. For survival analysis, the survival time for cohorts of neurons was defined as the time from transfection to the interval at which they disappeared; nonparametric Kaplan-Meier analysis was used to estimate the underlying survival function for each group of neurons by commercially available software (Statview; SAS, Cary, NC). From the survival function, the hazard function was determined (Statview).
Reporter gene assays. Neurons were cotransfected with one form of the NR1 subunit or empty vector (pRK5) together with CRE firefly luciferase and EF1␣ or pRL0 Renilla luciferase. EF1␣ Renilla luciferase was used to normalize for differences in transfection efficiency and sample handling because the EF1␣ promoter is less sensitive to Ca 2ϩ -induced gene expression than other constitutive expression vectors containing promoters such as CMV, Simian virus 40, or Rous sarcoma virus (J.B. and S.F., unpublished observation). To normalize for transfection efficiency and sample handling in experiments with BDNF, pRL0 Renilla luciferase was used. The levels of expression of EF1␣ and pRL0 Renilla luciferase were not significantly changed by the stimuli used in this study. Luciferase activity was assayed after 8 h of stimulation with a dual luciferase kit (Promega).
Results

NR1 subunit reconstitution system
To study the role of the NR1 subunit C terminus in NMDARdependent signal transduction, we introduced NR1 subunits into cultured cortical neurons from NR1 Ϫ/Ϫ mice (Forrest et al., 1994) . The reconstitution of NMDARs in primary neurons provides an appropriate physiological context for the assembly of signaling complexes. In addition, this system takes advantage of several properties of NMDAR assembly. First, because the NR1 subunit is essential for the assembly and function of NMDARs, we expect no NMDA responses in NR1 Ϫ/Ϫ neurons, except in those cells that have incorporated exogenous NR1 subunits. Second, NR1 subunits cannot, by themselves, form functional NMDARs. Thus, any responses we measure must necessarily arise from NMDARs reconstituted with endogenous NR2 subunits and the defined NR1 subunit that we supply. Finally, the number of available endogenous NR2 subunits evidently determines the number of functional NMDARs that form in neurons, because NR1 subunits are normally present in 10-fold excess (Dingledine et al., 1999; Wenthold et al., 2003) . Therefore, we anticipate that our reconstitution strategy will result in physiological numbers of functional NMDARs, provided that sufficient exogenous NR1 subunits are supplied.
However, certain criteria must be satisfied for the study of the NR1 C terminus with neurons of NR1 Ϫ/Ϫ mice. (1) Neurons cultured from NR1 Ϫ/Ϫ embryos must be insensitive to NMDA stimulation. (2) The absence of NMDARs must not disturb downstream signaling pathways. (3) Introducing exogenous NR1 subunits must restore NMDAR-dependent function. (4) The viability of NR1 Ϫ/Ϫ neurons transfected with the NR1 subunit must be no different than wild-type neurons. (5) The isoforms of endogenous NR2 subunits should be defined and homogeneous within the NR1 Ϫ/Ϫ neurons so that effects can be attributed specifically to the exogenous NR1 subunits that are introduced.
Neurons cultured from NR1 Ϫ/Ϫ , NR1 ϩ/ϩ , and NR1 ϩ/Ϫ embryos were morphologically similar (data not shown), as expected (Okabe et al., 1998 and NR1 ϩ/Ϫ neurons (Fig. 1a, left) . However, activation of voltage-sensitive Ca 2ϩ channels (VSCCs) by K ϩ depolarization increased [Ca 2ϩ ] i in neurons of all NR1 genotypes (Fig. 1a,  right) . There was no difference in the peak or integrated areas of Ca 2ϩ response to NMDA in NR1 ϩ/ϩ and NR1 ϩ/Ϫ neurons (supplemental Fig. 1a , available at www.jneurosci.org as supplemental material). The only difference between NR1 Ϫ/Ϫ neurons and NR1 ϩ/ϩ and NR1 ϩ/Ϫ neurons was a slightly lower basal [Ca 2ϩ ] i (supplemental Fig. 1b , available at www.jneurosci.org as supplemental material).
As a functional "readout" of increased [Ca 2ϩ ] i in neurites, we measured Ca 2ϩ -dependent puncta formation by CaMKII␣. Increased cytoplasmic [Ca 2ϩ ] i leads to recruitment of CaMKII␣ to the plasma membrane (Shen and Meyer, 1999) . Using a GFPCaMKII␣ fusion protein, we found that NMDA produced rapid (Ͻ2 min), reversible, and APV-sensitive puncta formation by CaMKII␣ in neurites of NR1 ϩ/ϩ and NR1 ϩ/Ϫ ( Fig. 1b ; data not shown) but not NR1 Ϫ/Ϫ neurons (Fig. 1b) . These data confirm that the NR1 subunit is essential for the assembly of functional NMDARs and for NMDAR-mediated Ca 2ϩ signaling in dendrites.
To determine whether the absence of NMDARs affects signaling through other cellsurface receptors, we compared the activation of CREB and ERK. NMDA did not induce phosphorylation of CREB or ERK1/2 in NR1 Ϫ/Ϫ neurons but produced comparable phosphorylation in NR1 ϩ/ϩ and NR1 ϩ/Ϫ neurons. In response to K ϩ and BDNF, CREB and ERK1/2 phosphorylation did not differ across NR1 genotypes (Fig. 1c,d) .
Because CREB and CREB family members bind constitutively to cAMP response elements (CREs), we used a luciferase reporter construct driven by upstream CREs to compare gene expression in different NR1 genotypes. NMDA-dependent gene expression was absent in NR1 Ϫ/Ϫ neurons but increased sixfold in NR1 ϩ/ϩ and NR1 ϩ/Ϫ neurons (Fig. 1e,  left) . K ϩ -induced CRE luciferase expression (ϳ20-fold induction) did not differ across NR1 genotypes (Fig. 1e, middle) . Furthermore, signaling to the serum response element (SRE), which is also a target of NMDAR signaling (Bading et al., 1993) , was not affected by the absence of NMDARs. BDNF-induced SRE luciferase expression (approximate sixfold induction) was not significantly different across NR1 genotypes (Fig. 1e, right) . Thus, signaling by different stimuli to well characterized downstream targets of the NMDAR was not compromised by the absence of the NMDAR.
Because our reconstitution system depends on incorporation of endogenous NR2 subunits, the heterogeneity of these subunits might confound our interpretations of the differences between NR1 splice variants. In cultured cortical neurons, two principal NR2 subunits are present, NR2A and NR2B, which have distinct developmental and signaling profiles (Monyer et al., 1994; Sheng et al., 1994; Krapivinsky et al., 2003) . By using cultures at a certain developmental stage (5-8 d in vitro) , we sought a homogeneous NR2B subunit population. To determine whether the NMDARs in our neurons primarily contained NR2B subunits, we tested NMDA-induced responses in the presence of ifenprodil, an NR2B-selective antagonist (Williams, 1993) . First, using a heterologous expression system, we established a dose of ifenprodil (10 M) that abolished Ca 2ϩ signaling through NMDARs composed of NR1/NR2B without affecting those of NR1/NR2A (Fig. 1f ) .
This dose completely abolished NMDARmediated CRE-dependent gene expression in NR1 ϩ/Ϫ neurons (Fig. 1g) . Therefore, downstream signaling in our cultures is mediated only by NR2B-containing NMDARs, and any differences in signaling can be attributed to differences in NR1 subunits. Thus, NR1 Ϫ/Ϫ neurons at this age are suitable for studying the effect of different versions of the NR1 subunit on NMDAR function.
Transfection with NR1-1a reconstitutes NMDA-dependent signaling in NR1
Ϫ/Ϫ neurons To restore NMDAR function, NR1 Ϫ/Ϫ neurons were transfected with the NR1-1a subunit (Fig. 2) . This major splice variant contains all three C-terminal domains. First, we measured whole-cell currents in transfected neurons voltage clamped at Ϫ60 mV and stimulated with NMDA (100 M, 5 s pulses every minute for at least 10 min). NMDA elicited peak whole-cell currents and receptor inactivation similar to those in NR1 ϩ/Ϫ neurons (Fig. 2a) . We next determined whether reconstitution extended to NMDAR-dependent signaling pathways. NMDA increased [Ca 2ϩ ] i in NR1 Ϫ/Ϫ neurons transfected with NR1-1a, and the integrated areas and peak Ca 2ϩ responses were comparable with those in NR1 ϩ/ϩ and NR1 ϩ/Ϫ neurons ( Fig. 2b and data not shown). Furthermore, induction of CaMKII␣ puncta formation during NMDA (30 M) stimulation was not significantly different in the neurites of NR1 Ϫ/Ϫ neurons transfected with NR1-1a and those of NR1 ϩ/ϩ and NR1 ϩ/Ϫ neurons (Fig. 2c) . Introducing NR1-1a into NR1 Ϫ/Ϫ neurons did not affect K ϩ -induced Ca 2ϩ responses (supplemental Fig. 1c , available at www.jneurosci.org as supplemental material), suggesting that our reconstitution approach did not perturb signaling by VSCCs.
We next focused on NMDARdependent signaling to the nucleus. NMDA (30 M for 10 min) induced CREB phosphorylation (Ser-133) in NR1 Ϫ/Ϫ neurons transfected with NR1-1a (Fig. 2d) to a similar extent as NR1 ϩ/Ϫ neurons (data not shown). NMDA-induced CREluciferase expression was also reconstituted in the transfected NR1 Ϫ/Ϫ neurons (approximately threefold) (Fig. 2e) .
To investigate the long-term effect of NR1-1a in NR1 Ϫ/Ϫ neurons, we used an automated microscope to monitor the survival of thousands of individual GFP-positive neurons at 24 h intervals for 6 d (Arrasate et al., 2004; Arrasate and Finkbeiner, 2005) . By calculating the decrease in the number of neurons from identical microscope fields at subsequent time points, we determined the survival time for cohorts of neurons. Ϫ/Ϫ neurons, as measured by immunocytochemistry. Mean Ϯ SEM for at least 44 neurons from four independent experiments. e, NMDA (30 M, 8 h) did not induce CRE-luciferase expression in NR1 Ϫ/Ϫ neurons but produced a 3.6-fold induction of CRE-luciferase expression in NR1 Ϫ/Ϫ neurons transfected with NR1-1a. Mean Ϯ SEM for six independent experiments. f, Survival analysis in which cortical neurons of NR1 ϩ/Ϫ mice (triangles; 10,080 neurons) and NR1 Ϫ/Ϫ mice (inverted triangles; 13,123 neurons) were transfected with EGFP and counted at 24 h intervals for 6 d. The hazard or risk of death among neurons from NR1 Ϫ/Ϫ mice transfected with NR1-1a and EGFP (filled circles; 11,574) was comparable with that observed with neurons from NR1 ϩ/Ϫ mice and above the suppressed levels in untransfected NR1 Ϫ/Ϫ neurons. *p Ͻ 0.05, log-rank test. A.U., Arbitrary units; C, control; N, NMDA.
Kaplan-Meier analysis was used to estimate the underlying survival function, from which a hazard function was derived. The hazard function provides an exquisitely sensitive measure of the instantaneous risk of death, which is independent of population size; factors that promote survival suppress the cumulative hazard. The cumulative hazard was significantly less for NR1 Ϫ/Ϫ than NR1 ϩ/Ϫ neurons, consistent with reports of improved survival of NR1 Ϫ/Ϫ neurons in culture (Okabe et al., 1998) . However, in NR1 Ϫ/Ϫ neurons transfected with NR1-1a, the cumulative hazard was restored so that the risk of death at all time points was similar to that of NR1 ϩ/Ϫ neurons (Fig. 2f ) . Thus, although transfection of NR1-1a into NR1 Ϫ/Ϫ neurons increases the risk of death, it does so only to the level observed in wild-type neurons and does not result in adverse effects on neuronal health, even over many days in culture.
Overall, introduction of NR1-1a into NR1 Ϫ/Ϫ cortical neurons restored NMDAR-dependent signaling at all levels of signal transduction from membrane currents to gene expression without any deleterious effect on cell health or disturbance of other signaling pathways.
NR1 C terminus in NMDAR-dependent signaling
Next, we set out to determine the role of the NR1 C terminus in coupling Ca 2ϩ influx to downstream signaling pathways. However, because NMDARs flux monovalent cations as well as Ca 2ϩ , downstream pathways might be activated indirectly by depolarization-induced Ca 2ϩ influx through VSCCs rather than by a local increase in Ca 2ϩ through the NMDAR. Furthermore, NMDARs may signal independently of Ca 2ϩ influx (Vissel et al., 2001) . We, therefore, determined whether Ca 2ϩ influx through the NMDAR per se was necessary for signaling by introducing into NR1 Ϫ/Ϫ neurons a pore mutant of the NR1 subunit, NR1-1a (N616R) (Rameau et al., 2000) . The pore mutant is identical to NR1-1a except that asparagine-616 in the M2 segment lining the channel is changed to arginine. This mutation almost completely prevents Ca 2ϩ flux through the channel but does not affect the flux of monovalent cations (Sakurada et al., 1993) . We could not detect [Ca 2ϩ ] i responses, CaMKII␣ puncta formation, or CREdependent gene expression during NMDA stimulation of NR1 Ϫ/Ϫ neurons transfected with the pore mutant (Fig. 3) . Thus, reconstituted NMDAR-dependent signaling in NR1 Ϫ/Ϫ neurons requires Ca 2ϩ influx through reconstituted NMDARs. We then introduced a mutant lacking the C0 and C1 regions of the NR1 C terminus, NR1-1a ⌬839 -900 (Fig. 3a) . The absence of most of the NR1 C terminus did not affect normalized peak whole-cell currents in response to NMDA stimulation. However, removal of C0 and C1 abolished NMDAR inactivation (Fig. 3b) . These data support previous observations of a role for the NR1 C terminus in inactivation of reconstituted NMDARs in heterologous cells (Ehlers et al., 1996; Zhang et al., 1998) . Furthermore, deletion of C0 and C1 did not affect NMDAR-induced global Ca 2ϩ responses or CaMKII␣ puncta formation (Fig. 3c,d ). Thus, Figure 3 . The NR1 C terminus is required for gene expression. a, Domains of the C terminus of the NR1-1a subunit and a C-terminal deletion mutant, NR1-1a ⌬839 -900 ; M4 refers to the most C-terminal transmembrane domain. b, Sample traces of whole-cell currents induced by NMDA (100 M for 5 s) for NR1-1a and NR1-1a ⌬839 -900 . Quantification of the normalized peak current [bottom left; Ipk/(pA/pF)] revealed no significant difference between NR1 Ϫ/Ϫ neurons transfected with NR1-1a and NR1-1a ⌬839 -900 . In contrast, steady-state currents (Iss/Ipk) were significantly higher in NR1 Ϫ/Ϫ neurons transfected with NR1-1a ⌬839 -900 than those with NR1-1a, consistent with reduced inactivation. c, Reconstituted [Ca 2ϩ ] i responses to NMDA have similar profiles in NR1 Ϫ/Ϫ neurons transfected with NR1-1a ⌬839 -900 or with NR1-1a, but the pore mutant (NR1-1a N616R ) does not reconstitute [Ca 2ϩ ] i responses (mean Ϯ SEM fura-2 ratio for at least 8 neurons). The column graphs show the quantified integrated area of [Ca 2ϩ ] i responses to NMDA; each condition represents the mean Ϯ SEM for at least 50 neurons from at least four embryos. d, No significant difference was observed in NMDA-induced puncta formation by GFP-CaMKII␣ in neurons transfected with NR1-1a ⌬839 -900 or with NR1-1a, but no GFP-CaMKII␣ puncta formation was observed in neurons transfected with the pore mutant NR1-1a N616R . e, CRE-dependent luciferase gene expression is abolished in NR1 Ϫ/Ϫ neurons transfected with NR1-1a ⌬839 -900 and with NR1-1a N616R . Mean Ϯ SEM for at least four independent experiments. *p Ͻ 0.01, unpaired t test. A.U., Arbitrary units; C, control; N, NMDA.
despite differences in microscopic channel inactivation rates, removing most of the NR1 C terminus did not affect the steadystate bulk Ca 2ϩ levels produced by those channels. Because steady-state Ca 2ϩ levels correlate closely with gene expression in many cell types, we were surprised that deleting the C0 and C1 regions abolished NMDA-induced CRE-dependent gene expression (Fig. 3e) . Therefore, the NR1 C terminus is dispensable for global increases in Ca 2ϩ but essential for receptor inactivation and gene expression.
C-terminal splice variants of the NR1 subunit differentially induce gene expression
To determine whether two major C-terminal NR1 splice variants, NR1-1a and NR1-2a (Fig. 4) , which differ by the presence or absence of the C1 domain, form NMDARs with different signaling properties, we transfected each into NR1 Ϫ/Ϫ neurons. We found no differences in the extent of NMDA-induced receptor inactivation or in the peak or steady-state whole-cell currents in NR1 Ϫ/Ϫ neurons transfected with either NR1-1a or NR1-2a (Fig. 4b) . Because deletion of both C0 and C1 abolished inactivation, these data suggest that the C1 domain is not required to mediate NMDAR inactivation. Removing only the C1 domain of the NR1 subunit did not affect NMDA-induced increases of global Ca 2ϩ or puncta formation by CaMKII␣ (Fig. 4c,d) . However, NMDA-induced gene expression in NR1 Ϫ/Ϫ neurons transfected with NR1-2a was only approximately half that observed with NR1-1a (Fig. 4e) .
We considered other factors that may contribute to observed differences in gene expression. We found that these differences are not explained by measurable variation in expression levels or subcellular distribution of transfected NR1 subunits (data not shown). Also, Ca 2ϩ imaging revealed that these NR1 subunits did not differ in their sensitivity to ifenprodil, indicating further that they do not preferentially associate with different NR2 subunits (Fig. 5a ). Steady-state Ca 2ϩ imaging showed that these subunits mediate similar steady-state Ca 2ϩ elevations in neurons (Fig. 5b) , ruling out the possibility that gene expression is governed solely by bulk Ca 2ϩ levels. Therefore, removal of the C1 domain by alternative splicing reduces the efficacy of coupling NMDARs to gene expression without measurable changes in channel inactivation or calcium influx, indicating that these properties of NMDARs can be dissociated.
Domains of the NR1 C terminus are modular in coupling to gene expression
By comparing the data from the NR1 splice variants NR1-1a and NR1-2a and from the deletion mutant NR1-1a ⌬839 -900, we reasoned that the C0 domain must not only be necessary for NMDAR inactivation but must also contribute to NMDARinduced gene expression. We, therefore, evaluated NMDAR signaling with a mutant NR1 subunit lacking the C0 domain, NR1-1a ⌬839 -863 (Fig. 6a) . As anticipated, NMDARs formed with this mutant did not exhibit receptor inactivation during NMDA stimulation but produced peak whole-cell currents, global increases in [Ca 2ϩ ] i , and CaMKII␣ puncta formation no different from the NR1-1a subunit (Fig. 6b-d) . However, NMDAinduced gene expression was significantly reduced in NR1 Ϫ/Ϫ neurons transfected with the C0-domain mutant (Fig. 6e) . Thus, the C0 and C1 domains can contribute independently to coupling the NR1 subunit to downstream signaling pathways. Furthermore, the contributions of the C0 and C1 domains to NMDAR-dependent gene expression appear to be additive, suggesting a model for coupling in which these cassettes are modular.
We next considered what signaling molecules couple the NR1 C terminus to gene expression. A short sequence within the C0 domain contains a region that binds CaM, CaMKII␣, and the cytoskeletal protein ␣-actinin (Leonard et al., 2002) . To determine whether this region contributes to NMDA-dependent gene expression, we assessed the effects of changing four amino acids in this region to glutamates (NR1-1a (QMQL847-850EEEE) ). These changes reduced NMDAR-dependent gene expression to levels observed when the entire C0 domain was deleted (Fig. 6e) , while maintaining NMDA-induced increases in global Ca 2ϩ levels and CaMKII␣ puncta formation (Fig. 6c,d) .
To determine which of these interacting proteins is responsible for coupling NMDARs to gene expression, we attempted to test the role of CaM in this signaling. A dominant-interfering form of CaM, CaM 1234 , in which all four Ca 2ϩ binding sites are mutated, has been used to implicate CaM in L-type VSCC signaling (Peterson et al., 1999; Dolmetsch et al., 2001) . However, we found that CaM 1234 transfected into NR1 ϩ/Ϫ neurons suppressed gene expression in neurons under basal conditions and in response to a variety of extracellular stimuli (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Thus, CaM may play a broad role in regulating nuclear responses. Using the CaM 1234 construct, we could not determine an effect of CaM specific to NMDAR signaling.
NR1 subunit C terminus controls CREB (Ser-133) phosphorylation
The CRE binds the transcription factor CREB and closely related family members. Phosphorylation of Ser-133 on CREB is required for recruiting CREB-binding protein (CBP) and initiating transcription. Furthermore, the duration of CREB phosphorylation correlates with transcription (Lonze and Ginty, 2002) . Our data suggest that domains within the C terminus are additive for the induction of CRE-dependent gene expression. Therefore, the composition of the NR1 C terminus might control gene expression by affecting the duration of CREB phosphorylation. We determined the temporal profile of CREB phosphorylation in neurons transfected with different versions of the NR1 subunit. NMDA-induced CREB phosphorylation was restored in NR1 Ϫ/Ϫ neurons transfected with NR1-1a (Fig. 7a) , and the distribution of phosphoCREB intensities was comparable with that in NR1 ϩ/Ϫ neurons (data not shown). CREB phosphorylation was also induced in NR1 Ϫ/Ϫ neurons transfected with NR1 mutants that lacked the C0 domain (NR1-1a ⌬839 -863 ), the C1 domain (NR1-2a), or both (NR1-1a ⌬839 -900 ), but the extent of induction at 10 min was significantly less than that observed in NR1 Ϫ/Ϫ neurons transfected with NR1-1a (Figs. 7b-e) . The extent of CREB phosphorylation did not differ between any of the NR1 subunits at 30 min (Fig. 7e) . Therefore, the C0 and C1 domains are essential for coupling the NMDAR to CREB phosphorylation, and this coupling could partly determine NMDAR-dependent gene expression. However, differences in the kinetic profile of CREB phosphorylation among NR1 splice variants cannot fully account for the observed differences in CRE-dependent gene expression.
Discussion
Using a reconstitution system that allows the study of NMDARs formed from specific NR1 subunits in cultured cortical neurons, we show that domains of the C-terminal cytoplasmic tail of the NR1 subunit contribute differentially to downstream signaling of the NMDAR. As a consequence, RNA splicing of a single domain selectively modifies NMDAR-induced gene expression but not receptor inactivation. Therefore, developmental, spatial, and activity-dependent RNA splicing of the NR1 subunit may modulate the capacity of the NMDAR signaling complex to induce long-term adaptive changes without affecting channel gating.
NR1/NR2B reconstitution system
We transfected neurons from NR1 Ϫ/Ϫ embryos with different versions of the NR1 subunit to gain control over the C terminus. Although loss of functional NMDARs has a dramatic effect at the system level [NR1 Ϫ/Ϫ mice die within hours of birth (Forrest et al., 1994) ], cultured NR1 Ϫ/Ϫ neurons maintained many of the structural and functional properties of wild-type neurons (Okabe et al., 1998; Maskos et al., 2001; Maskos and McKay, 2003) . Indeed, NR1 Ϫ/Ϫ neurons survive longer in culture than wild-type neurons (Okabe et al., 1998) . Transfection of the NR1 subunit into cultured NR1 Ϫ/Ϫ neurons did not adversely affect neuronal viability or function. In addition, we found that the introduction of NR1 subunits, which we believe results in NR1 overexpression, results in physiological levels of NMDAR-mediated whole-cell currents, Ca 2ϩ transients, CaMKII␣ translocation, CREB phosphorylation, and CRE-dependent gene expression. That we achieve levels of signaling similar to wild-type neurons is consistent with observations from other laboratories, indicating that the number of NR2 subunits is the major determinant of the ] i responses in NR1 Ϫ/Ϫ neurons transfected with NR1-1a, NR1-2a, and NR1-1a ⌬839 -900 were all inhibited to a similar extent by ifenprodil. Mean Ϯ SEM for at least three independent experiments. *p Ͻ 0.01, unpaired t test. b, NMDAinduced steady-state Ca 2ϩ levels among NR1 subunits show no significant differences after 30 min (mean Ϯ SEM fura-2 ratio for at least 14 neurons). C, Control; N, NMDA.
number of functional NMDARs within neurons (Wenthold et al., 2003) .
By selecting a developmental window for culturing cortical neurons in which the NR2 subunit was defined and homogeneous, we were able to selectively study the effects of the C terminus of NR1 on NMDAR function and avoid potentially confounding effects of different NR2 subunits. We chose a developmental stage at which the NR2B subunit was expressed because NR2B-containing NMDARs play a central role in plasticity. NR1/NR2B but not NR1/NR2A heteromers are responsible for signaling to ERK (Krapivinski et al., 2003) , which is critical for long-term synaptic change (Sweatt, 2004) . Older animals with fewer NR1/NR2B heteromers and more NR1/ NR2A heteromers (Monyer et al., 1994; Sheng et al., 1994) display less synaptic plasticity (Carmignoto and Vicini, 1992; Crair and Malenka, 1995) . Conversely, transgenic animals engineered to overexpress the NR2B subunit in the forebrain learn memory tasks more quickly and exhibit greater activity-dependent synaptic potentiation (Tang et al., 1999) . Our reconstitution system allowed us to study the role of the NR1 C terminus in the downstream signaling of these important receptors with unprecedented control.
The NR1 subunit C terminus in Ca 2؉ inactivation and influx The mechanism by which NMDARs and VSCCs undergo Ca 2ϩ -dependent inactivation has been extensively studied in heterologous cells (Ehlers et al., 1996; Zhang et al., 1998; Krupp et al., 1999) . Association of CaM with the C-terminal tail places a Ca 2ϩ sensor very close to the site of Ca 2ϩ influx, allowing the channel to respond rapidly and prevent excessive Ca 2ϩ entry. This mechanism likely occurs in neurons; we found that the C0 domain, which is responsible for CaM-dependent inactivation in heterologous cells (Zhang et al., 1998; Krupp et al., 1999) , was necessary for inactivation of reconstituted NMDARs in NR1 Ϫ/Ϫ neurons. A surprising result was the dissociation of receptor inactivation and global increases in [Ca 2ϩ ] i . We found that, although the C0 domain was responsible for NMDAR inactivation, global increases in [Ca 2ϩ ] i in response to NMDA were independent of the C terminus of NR1 (Figs. 3b, c, 5, 6b, c) . One possible explanation for this discrepancy is that high-capacity Ca 2ϩ buffers, pumps, and stores throughout the neuron dominate the spatiotemporal profile of global Ca 2ϩ responses (Berridge, 1998) . As such, the primary effect of channel inactivation on downstream signaling would be a difference in the amount of Ca 2ϩ available locally at the mouth of the NMDAR rather than a difference in the levels of Ca 2ϩ in the soma or nucleus.
NR1 C-terminal domains in downstream signaling
Using a deletion mutant lacking the C0 and the C1 domains, we found that the C terminus of the NR1 subunit is required for Figure 6 . Deletion of the C0 domain or mutation of a single CaM-binding site significantly reduces gene expression. a, C-terminal domains of NR1-1a, NR1-1a ⌬839 -863 , and NR1-1a (QMQL847-850EEEE) . b, Sample traces of whole-cell currents induced by NMDA (100 M for 5 s) for neurons transfected with NR1-1a or NR1-1a ⌬839 -863 . Quantification of the normalized peak current revealed no significant difference between NR1 Ϫ/Ϫ neurons transfected with NR1-1a or NR1-1a ⌬839 -863 ; steady-state currents were higher for NR1-1a ⌬839 -863 than for NR1-1a because of reduced inactivation. c, Reconstituted [Ca 2ϩ ] i responses to NMDA have similar profiles in NR1 Ϫ/Ϫ neurons transfected with NR1-1a ⌬839 -863 , NR1-1a (QMQL847-850EEEE) , or NR1-1a (mean Ϯ SEM fura-2 ratio for 12 neurons). The column graphs show the quantification of integrated area of [Ca 2ϩ ] i responses; each condition represents the mean Ϯ SEM for at least 12 neurons from at least four embryos. d, No significant difference was observed in NMDA-induced puncta formation by GFP-CaMKII␣ in neurons transfected with NR1-1a, NR1-1a . e, NMDA-induced CRE-dependent luciferase gene expression is significantly reduced in NR1 Ϫ/Ϫ neurons transfected with NR1-1a ⌬839 -863 or NR1-1a (QMQL847-850EEEE) . Mean Ϯ SEM for at least four independent experiments. *p Ͻ 0.01, unpaired t test. A.U., Arbitrary units; C, control; N, NMDA. material). Although it is possible that CaM is responsible for the observed effect on gene expression, other proteins cannot be excluded.
Interestingly, we found that the C0 cassette of the NR1 subunit is not necessary for CaMKII clustering (Figs. 3d, 6d) . Thus, the CaMKII binding site in the C0 cassette (Leonard et al., 2002) is not required for CaMKII puncta formation, and other sites in the postsynaptic density, such as NR2B (Shen and Meyer, 1999) , may be responsible for binding and targeting CaMKII in response to NMDAR stimulation (Colbran, 2004) .
Functional consequences of RNA splicing of the NR1 C terminus
The C1 domain of the NR1 C terminus is encoded by exon 21 and undergoes alternative splicing (Zukin and Bennett, 1995) . NR1 splicing varies during development, across brain regions, and among subtypes of neuron . Synaptic activity and environmental conditions also rapidly regulate splicing to create NR1-1a or NR1-2a versions of the NR1 subunit (Hoffmann et al., 2000) . A motif in the C1 cassette retains the NR1-1a splice variant within the endoplasmic reticulum (Ehlers et al., 1995; Standley et al., 2000; Scott et al., 2001) , possibly ensuring that only functional NMDARs are sent to the cell surface (Wenthold et al., 2003) .
However, our results indicate that splicing of NR1 may regulate the function as well as the number of NMDARs. Removal of the C1 domain from NR1 reduced NMDAR-induced CREdependent gene expression without affecting receptor inactivation or global [Ca 2ϩ ] i responses, suggesting that alternative splicing may generate NMDARs with distinct abilities to mediate local and long-range adaptive responses.
